responses in patients with metastatic melanoma [25, 26] . Follow-up showed that 19%-36% of patients with metastatic melanoma treated with ipilimumab had long-term (4-year) OS [27] [28] [29] . Adverse events (AEs) associated with ipilimumab were often immune-related and occurred mainly within the skin, gastrointestinal tract, and liver; these were generally managed by established treatment guidelines [25, 26, 30] .
Based on the antitumor immunity of the anti-CTLA-4 antibody in preclinical models of prostate cancer [31, 32] , several studies of ipilimumab in mCRPC patients were carried out. These initial studies showed that ipilimumab 3 mg/kg given every 4 weeks for four doses had acceptable safety and preliminary antitumor activity [33] [34] [35] . We chose to evaluate ipilimumab 3, 5, or 10 mg/kg given every 3 weeks, because phase II data in melanoma patients showed a higher objective response rate (11.1%) at 10 mg/kg than at 3 mg/kg (4.2%) or 0.3 mg/kg (0%) [18] .
Localized radiotherapy can cause immune-mediated tumor death and induce tumor regression at sites distant from the primary site of radiotherapy (abscopal effect) in an immunemediated process [36, 37] . In murine models of breast and colon cancer, the combination of the anti-CTLA-4 antibody and localized tumor irradiation resulted in the synergistic inhibition of metastases [38, 39] . Furthermore, the abscopal effect involving immune response has been reported in two cases of metastatic melanoma treated with ipilimumab and localized radiotherapy [40, 41] . Therefore, we hypothesized that tumor antigens released during radiation-induced cell death may enhance the antitumor activity of ipilimumab in patients with mCRPC. Accordingly, we performed a phase I/II study in patients with mCRPC to systematically assess ipilimumab at various doses given alone or in combination with external-beam radiotherapy (XRT).
patients and methods patients
Men diagnosed with mCRPC (rising PSA or progression on scans with a serum testosterone concentration of <50 ng/dl) and the evidence of progression after the discontinuation of anti-androgen therapy who had no more than one prior chemotherapy were enrolled. Adenocarcinoma of the prostate was confirmed histologically, and the extent of disease was documented radiographically by bone scan and computed tomography. Patients had a life expectancy of >12 weeks, an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, and adequate hematologic, hepatic, and renal functions. Patients with radiation-induced diarrhea within 12 months of study entry or with prior colitis or irritable bowel syndrome were excluded. Other key exclusion criteria were autoimmune disease (except for vitiligo) requiring systemic steroids or immunosuppressive agents, other prior malignancy within 5 years, active infection, bone pain severe enough to require routine narcotic analgesics, and prior treatment with anti-CTLA-4 therapies. All patients gave informed consent before enrollment. The study was conducted according to the principles of the Helsinki Declaration. The protocol was approved by Institutional Review Boards in all participating centers.
study design and treatment
This was a phase I/II, non-randomized, open-label, multicenter study (ClinicalTrials.gov identifier: NCT00323882). In the dose-escalation phase, eligible patients (≥6 patients per cohort) received ipilimumab at 3, 5, or 10 mg/kg or at 3 or 10 mg/kg + XRT (Figure 1) . Starting with the lowest monotherapy dose, ipilimumab was administered intravenously once every 3 weeks (days 1, 22, 43, and 64) in a cycle of up to four doses with a response assessment 3 weeks after the last dose (day 85). Dose escalation occurred after all six patients in the preceding cohort received at least two doses of ipilimumab and were observed for an additional 2 weeks with no more than one of the six patients experiencing a dose-limiting toxicity (DLT) during this 5-week period. The DLT was defined as a grade 3/4 immune-related AE (irAE) or other grade 3/4 treatment-related AE, which required surgical intervention or did not resolve to ≤grade 2 within 14 days of the start of immunosuppressive therapy. Dose escalation continued until the last monotherapy-dose cohort was enrolled or the maximum tolerated dose (MTD, defined as the highest dose at which no more than one of the six patients experienced a DLT) was identified.
Once the monotherapy cohorts were fully enrolled, patients were assigned to 3 mg/kg + XRT, and after completion of accrual in this arm, to 10 mg/kg + XRT. Radiotherapy was given focally at a single dose of 8 Gy per target bone lesion for up to three bone lesions per patient at 24-48 h before the first ipilimumab dose. Single administration of 8 Gy has been shown to be therapeutically equivalent to fractionated regimens in terms of pain palliation and better tolerated [42] . Target lesions had to be ≥10 mm long in at least one direction when measured by radiologic imaging. The timing of XRT delivery was designed to provide CTLA-4 blockade at a time when antigen presentation due to radiation was expected to peak [43] .
For the phase II portion, additional patients were assigned to monotherapy (at the MTD or at 10 mg/kg if the MTD was not reached), and after monotherapy accrual was completed, to combination therapy. Patients who progressed following an initial response or stable disease could have received up to three additional cycles of ipilimumab. No retreatment with XRT was allowed. After the initial treatment period (days 1-112), patients had follow-up visits every 4 weeks for 3 months and then every 12 weeks for 9 months or until disease progression, intolerance, or death. Patients who withdrew from the study due to disease progression or who completed all planned study visits were followed for survival every 3 months for up to 5 years.
assessments
AEs including irAEs were based on assessments by investigators of patients treated between the first dose and 70 days after the last ipilimumab dose. An irAE was defined as a treatment-related AE consistent with immunemediated events. AEs, irAEs, and clinical laboratory tests were graded using the NCI Common Terminology Criteria for Adverse Events, version 3.0. The protocol defined guidelines for evaluation and treatment of irAEs of the gastrointestinal tract, liver, skin, eye, and endocrine glands; irAE management consisted of corticosteroids (e.g. prednisone or budesonide) given orally or intravenously. Additional immunosuppressive agents (e.g. infliximab for colitis and mycophenolate mofetil for hepatic irAEs) and hormone replacement therapy for endocrine irAEs were also used at the investigator's discretion. No dose reductions were allowed. For a grade 2 drug-related skin irAE or grade 3 skin irAE (regardless of causality), ipilimumab administration was delayed until its resolution to ≤grade 1. Ipilimumab administration was permanently discontinued for any non-skin-related AE of ≥grade 3 or any other AE of ≥grade 4.
Antitumor effects were assessed by serum PSA status using criteria consistent with guidelines of the Prostate Cancer Clinical Trials Working Group 1 (PCWG1) [44] , the standard when the study was being designed, and by tumor status using Response Evaluation Criteria in Solid Tumors (RECIST) for soft tissue disease [45] . PSA assessments were performed on days 22, 43, 64, and 85 and every month thereafter. Tumor assessments were carried out on day 85 and every 3 months thereafter. This time schedule was chosen, because responses to ipilimumab have been observed weeks to months after therapy initiation [46] . Both the decline in PSA to ≥50% from baseline (PSA decline) and tumor response, as determined by investigators, were confirmed by repeat assessments at 4 weeks or later after the initial assessments. The PSA decline was calculated by comparing the greatest decline in post-therapy PSA concentration to baseline. End points included PSA decline by day 85, PSA decline at any time, tumor response at any time, time to and duration of tumor response, and OS.
statistical considerations
The primary objective of this study was to determine the safety of ipilimumab alone or in combination with a single dose of XRT. The secondary objective was to determine clinical antitumor activity based on PSA and radiologic responses. For the phase II portion of the study, the initial sample size of 30 patients was based on the design of the dose escalation for safety. For the phase II portion of the study, there were to be 16 assessable patients treated with ipilimumab monotherapy and 32 treated with the combination of ipilimumab + XRT (chemotherapy-naïve, 16; chemotherapy-experienced, 16). A sample size of 16 assessable patients was required to provide >80% power in a one-sample exact binomial test at the significance level of 0.05. Data were summarized using descriptive statistics. The Kaplan-Meier product limit method was used to estimate the median OS. results patients Seventy-five patients were enrolled at nine sites in the United States: 71 were eligible and received treatment between January 2006 and September 2009. Forty-seven patients (66%) discontinued the study due to disease progression determined by either PCWG1 criteria or RECIST (Table 1) . Of eight discontinuations due to AEs, five were caused by irAEs (colitis, 1; diarrhea, 3; hepatitis, 1). Of seven deaths causing discontinuation, one (5 mg/kg group) was due to aspergillosis, after 4 months of immunosuppressive therapy required to control grade 3 colitis, and was thus considered treatmentrelated. Three patients died from disease progression and one each from sepsis, pneumonia, and myocardial infarction; these deaths were deemed by investigators to be unrelated to treatment. The patient who died of sepsis (Clostridium difficile) received no immunosuppressives; no autopsy or endoscopy was carried out to rule out colitis, but the presentation did not include diarrhea above grade 2. Two deaths (10 mg/kg + XRT: pneumonia, 1; progression, 1) occurred within 30 days after the last ipilimumab dose.
Patient demographics and baseline disease characteristics are listed in Table 2 . Of 50 patients in the expanded 10 mg/ kg ± XRT group, 27 received prior chemotherapy. Of 21 patients across other cohorts, 6 had prior chemotherapy. exposure There were 71 treated patients; 70 received at least one dose of ipilimumab (monotherapy, 29; combination therapy, 41) and one received XRT only (3 mg/kg + XRT group). In the 10 mg/ kg ± XRT group, the median number of ipilimumab doses per patient was 3 (range: 1-8), with 22 (44%) patients receiving four or more doses. Patients in the 3-and 5-mg/kg cohorts received a median of 3.5-4 ipilimumab doses (range: 1-10). Of the 41 patients receiving combination therapy, 30, 8, and 3 had 1, 2, and 3 bone lesions irradiated, respectively.
Eleven (15%) patients who showed an initial response or stable disease by PCWG1 criteria or RECIST and later progressed were retreated with the original ipilimumab dose. Eight patients (5 mg/kg, 2; 10 mg/kg, 2; 10 mg/kg + XRT, 4) received one additional cycle (one cycle: up to four doses once every 3 weeks), two (3 mg/kg) received two additional cycles, and one (3 mg/kg + XRT) received three additional cycles.
safety Thirty-three patients were initially treated with escalating doses of ipilimumab at 3-10 mg/kg ± XRT. There were no DLTs during the 5-week assessment period. Since the MTD was not reached, ipilimumab 10 mg/kg ± XRT cohorts were expanded by 38 patients to 50 for phase II evaluation. Results for patients Figure 1 . The study schema. XRT, external-beam radiotherapy; PD, progressive disease; PSA, prostate-specific antigen.
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in the combined 10 mg/kg ± XRT group are emphasized in the following.
Treatment-related AEs were common, with the majority being grade 1/2 ( Table 3) . Most of the treatment-related AEs were irAEs in each cohort, and the majority of irAEs were grade 1/2 (Table 3) . Common (≥15%) irAEs of any grade in the 10 mg/kg ± XRT group were diarrhea, colitis, rash, and pruritus. Other common treatment-treated AEs were fatigue, nausea, vomiting, and decreased appetite. Sixteen patients (32%) reported irAEs of grade 3/4, most commonly colitis (16%, all grade 3), diarrhea (8%, all grade 3), and hepatitis (4%, grade 3; 6%, grade 4). There were no reports of bowel perforation or neurologic irAEs.
In the 10 mg/kg ± XRT group, of the 11 (22%) patients (12 events) who experienced grade 3 diarrhea/colitis, 8 had resolution to <grade 3 within 11 weeks, of whom 7 were treated with corticosteroids and/or infliximab; 4 patients needed no immunosuppressive therapy. Of the five (10%) patients (eight events) with grade 3/4 hepatic irAEs, four had resolution to <grade 3 between 3 and 13 weeks, with one patient having resolution after 61 weeks; all five were treated with corticosteroids and/or mycophenolate mofetil. All skin irAEs in this group were grade 1/2, except for one case of grade 3 pruritus. Endocrine irAEs were noted in nine patients, all of which were grade 1/2, and included adrenal insufficiency (n = 1), hyperthyroidism (n = 2), hypothyroidism (n = 2), hypophysitis (n = 1), and hypopituitarism (n = 3). AEs, consisting mainly of fatigue, diarrhea/colitis, and rash/pruritus, were observed in both chemotherapy-naive and chemotherapyexperienced patients (data not shown). Fourteen (28%) patients in the 10 mg/kg ± XRT group discontinued therapy due to treatment-related AEs, mostly diarrhea/colitis (Table 3) . At the database lock of May 2010, 37 (52%) patients across all cohorts had died (Table 3) , due mostly to disease progression (n = 24). None of the deaths, except for the one in the 5 mg/kg group described above, were treatment-related.
activity
Activity by both PSA decline and tumor response was observed in all cohorts ( Figure 2 and Table 4 ). In the 10 mg/kg ± XRT group, the confirmed PSA decline of ≥50% (at any time) was reported in eight patients (chemotherapy-naive, 6; chemotherapy-experienced, 2). The duration of response was 3-13+ months. Of the 11 patients who were retreated with ipilimumab, 6 had the confirmed PSA decline of ≥50% (at any time). One of the 28 tumor-evaluable patients in the 10 mg/ kg ± XRT group (chemotherapy-naive) achieved confirmed complete response with time to response of 2.5 months and was censored at 11.3 months. Two patients (10 mg/kg, 1; 10 mg/kg + XRT, 1) had unconfirmed partial response. Six (chemotherapy-naive, 1; chemotherapy-experienced, 5) had stable disease lasting between 2.8 and 6.1 months.
With a median follow-up of 15.7 months (range, 1.1-57.3) and 52 deaths reported across all cohorts (n = 71), the median OS by the Kaplan-Meier analysis was 17.4 months (95% CI: 11.5-24.7).
discussion
Ipilimumab is a cancer immunotherapy that has been shown to improve OS in patients with metastatic melanoma [25, 26] , with 19%-36% of patients having long-term (4-year) OS [27] [28] [29] . As an immunotherapy, ipilimumab exerts its effect on the immune system instead of directly on the tumor as occurs for chemotherapy. In this study, we made a systematic evaluation of the safety and antitumor activity of ipilimumab as monotherapy or in combination with radiotherapy in mCRPC patients. Patients in all cohorts, including 10 mg/kg with or without radiotherapy, experienced frequent (all grades, 80%; grade 3/4, 32%), but not unexpected, irAEs consisting mainly of diarrhea/ colitis and rash/pruritus. Although no DLTs were noted within the 5-week assessment period, grade 3/4 AEs occurring beyond the DLT window were frequent and mostly immune-related, with some events having a long duration. These irAEs were 
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generally managed with corticosteroids, endocrine hormone replacement therapy (e.g. hydrocortisone, levothyroxine), and supportive care. Five patients (5 mg/kg, 2; 10 mg/kg, 3) received additional immunosuppressives, including infliximab, tacrolimus, and mycophenolate mofetil. Early recognition and immediate intervention of irAEs, particularly diarrhea and colitis, are critical to their management but are not always adequate as seen in the patient with grade 3 colitis in this trial who died from aspergillosis after a 4-month immunosuppressive regimen. Ipilimumab 10 mg/kg was the highest dose tested in this study and, since it showed a generally manageable safety profile, the 10 mg/kg ± XRT group was expanded to include 50 mCRPC patients. Clinical activity was assessed by both Table 3 . Safety Ipilimumab dose 3 mg/kg 5 mg/kg 10 mg/kg −XRT (n = 8; %) +XRT (n = 7; %) −XRT (n = 6; %) −XRT (n = 16; %) +XRT (n = 34; %) ±XRT (n = 50; %) Listed were those AEs or laboratory abnormalities that occurred in ≥5% of patients in the 10 mg/kg ± XRT group. All but three cases of hepatitis in the 10 mg/kg cohort were grade 3.
PCWG1 and RECIST guidelines. Among patients receiving 10 mg/kg ± XRT, there were PSA changes, irrespective of prior exposure to chemotherapy. These PSA data, taken together with the observation that, of 28 tumor-evaluable patients receiving 10 mg/kg ± XRT, 1 achieved complete response and 6 had stable disease, suggest potential clinical antitumor activity with disease control at ipilimumab 10 mg/kg. PSA declines further suggest a direct antitumor effect of ipilimumab in contrast to other biologics such as sipuleucel-T, which showed survival benefit in the absence of changes in PSA or progression in phase III trials [2] . Several lines of evidence suggest that ipilimumab 10 mg/ kg ± XRT merits further evaluation in phase III trials of mCRPC. First, preclinical data and two recent case reports in metastatic melanoma showed synergistic antitumor activity between CTLA-4 blockade and radiotherapy [38] [39] [40] [41] . Second, data from a dose-ranging phase II study in melanoma patients have further described the benefit/risk profile of ipilimumab 10 mg/kg [18] , and long-term (4-year) OS has been seen in 19%-36% of melanoma patients treated with ipilimumab [27] [28] [29] . Third, ipilimumab 10 mg/kg ± XRT appeared to show activity in mCRPC patients, irrespective of prior chemotherapy exposure, with AEs that were managed by proactive intervention according to treatment guidelines (this study). Finally, recent phase I studies in mCRPC showed the combination of ipilimumab (1-10 mg/kg) and the granulocytemacrophage colony-stimulating factor-transduced allogeneic prostate cancer cells vaccine (GVAX) or PSA-targeted poxviral vaccine to be safe and tolerable with PSA declines relative to baseline [47, 48] , supporting the view that ipilimumab has potential as a component of combination approaches for the treatment of mCRPC. Two confirmatory phase III trials of ipilimumab 10 mg/kg in mCRPC are underway. One trial (NCT01057810) is evaluating ipilimumab as monotherapy in Figure 2 . Waterfall plots of percent change in PSA from baseline. The greatest change at any time up to and including day 85 for patients (n = 65) across all cohorts (A) and for patients (n = 45) in the 10 mg/kg ± XRT group (B). The greatest change at any time during the entire study period for patients (n = 66) across all cohorts (C) and for patients (n = 46) in the 10 mg/kg ± XRT group (D). The number of patients with ≥50% PSA decline is higher in this figure than in Table 4 because the figure includes all declines, regardless of confirmation, and the table includes only confirmed declines.
patients who received no prior chemotherapy, and the other (NCT00861614) is evaluating ipilimumab and bone-directed XRT in patients who had prior chemotherapy.
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